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ADTOMATI& CONTROLS FOR FACILITIES AND MERCURY ION THRUSTERS IN DURABILITY TESTING

by C. R. Nichols* and S. J. Obloyt

Iewis Research Center .
National Aeronautics and Space Administration
Cleveland, Chio

ABSTRACT -

For the last three years durability tests of
electric thrusters at Lewis Research Center have
resulted in changes to several vacuum chamber sys-
tems. This and the use of thruster control cir-
cuits permitted operation with reduced support man-
power.
to 7.6 meters in diameter with 8.5 to 850 cubiec
meters in volume. These .chambers use normal rough-
ing, oil-diffusion and cryopumping systems. Cham-

ber pressure, with thrusters operating, is typical-.

1y in the 10-7 torr range. Changes to these faecil-
ities are described which provide for automatic
shutdown during unattended operation. Thruster
controls are described that allowed continuous
testing of ion thrusters for almost three months
with only one men per shift. Additional thruster
controls and tank modifications now permit unat-
tended dursbility testing.

INTRODUCTION

Extensive ground testing of ion thrusters is
required to evaluate performance for space flight
programs such as SERT T and SERT IT.(1,2) These
tests are made in vacuum tanks that simulate alti-
tudes of about 100 miles or higher. Some of the
tests are several thousand hours long.

The ground testing facilities at the Lewis
Research Center range in size from 1.5 to 7.6 me-
ters diameter and 8.5 to 850 cubic meters volume.
They are evacusted by conventional oil diffusion
pumping systems.

Operation of both facility and thruster im-
posed a heavy demand on personnel. To minimize
this demand a program was completed to eliminate
operating personnel. Unattended durability tests
have been conducted successfully in two facilities.
Both ion and plasme thrusters have been operated
for several hundreds of hours in these unattended
durebility tests. The thruster and facility con-
trols necessary for this unattended operation are
described.

7.6-METER DIAMETER TANK

Ion:thruster performance tests have been con-
ducted in the lewis 7.6-meter diameter, 850 cubic
meter environmental chamber since its completion
in 1963. These tests were made with thrusters
utilizing a condenssble propellant. The chamber
is constructed with a mild steel outer shell and a
1/8-inch clad stainless steel liner. Tt has a con-
ventional oil diffusion pumping system and a lig-
uid nitrogen cooled propellant condenser.(B) It
has been successfully operated, with ion thrusters
varying in size from 0.15 to 1.5 meters at pres-

*Head, Research Facilities Section.
+Hiead, Electronics Section.

sufes in the 107/ torr range.(4’

The vacuum chanmbers range in size from 1.5°

5)

The facility is supported by liquid nitrogen,
vacuun, water, and air systems. The liquid nitro-
gen system is shown in Fig. 1. It is a combination
of manual, remote manual and automatic control.

The nitrogen is supplied from the 56,000 gallon
storage dewar to the chanber either by gravity or
from the 100 gpm pumps. The propellant condenser
is operated as a flooded system with the level con-
trolled automatically within the separation tank.
The diffusion pump baffles end the vacuum foreline
traps are supplied from the same system and may be
operated in either a single or two phase mode de~
pending on whether the system is gravity or pump
fed. Roubing of the liquid nitrogen and operation
of the pumps is strictly a manual operation.

The vacuum system-is a conventional remote
operated manual system with oil diffusion pumps and
rotary two~-stage backing. 3)  All valves are
sequenced to a fail-safe mode (closed) in event of
a power failure. The foreline traps were installed
at a later date to prevent mercury, the normal
thruster propellant, from contaminating the rough-
ing system. ’

The water system is shown in Fig., 2. Cooling
water from the diffusion pumps is returned to the
first section of a divided pit where it is pumped,
as a coolant, to the ion beam target, and returned
to second section of the pit where it is cooled by
mixing with overflow water from the first section.
This mixture is then pumped through the head shield
and returned to a storm sewer. In event of pump
failure, domestic water may be introduced to cool
both the propellant target and the head shield.
This interchange is manual,

The air supply system is separate from the
mein leboratory system. Tt is rated at 108 CFM
with a 0.3 cubic meter surge and storage tank. In
this facility it is used to actuete manual remote
valves and controls. ©Some redundancy has been
built in with a connection to the adjoining facil-
ity.

Facility and thruster performance are depend-
ent on the reliability of the vacuum and cryopump~
ing systems. The record of repairs and service is
shown on table 1. Failure of the oil diffusion
pump heater is the most serious of the failures
shown, since this could degrade the vacuum level
beyond the acceptable thruster operation range of
2x10~5 torr. Operation of the sdjacent 4.6-meter

-diameter tank required the system to be changed

from a gravity fed, two-phase mode to a pump fed,
single-phase mode. Original construction used a
single~-phase flow system to the diffusion pump
traps. When the system is operated in a two-phase
mode the vent return system becomes marginal. This
requires menual control of the feed and vent sys-
tem.
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Air compressor meintenance was necessary be- .
cause the flow requirements for this facility had .
increased to the capacity of the compressor. This
increase, along with minor mechanical design dif-
.Piciencies necessitated frequent service. Since
then, a second, compressor has been added to reduce
the load.

The 7.6-meter facility was -installed with.
manual operation and control. The remete manual
controls and indication for both thruster and fa-
cility were grouped in two separate locations in
the control room adjacent to the chanber. Hence
it was assumed that each would have personnel in
constant attendance. An annunciator alarm system

gave visual and audible notice of a system Tailure. -

The main events were low water pressure, low air
pressure, low nitrogen level in separation tank,
~and loss of liquid nitrogen dewar insulating vacu-

um. Because of the manual mode .of operation, these .

events did ndt shut the facility down. Loss of
power would automatically place all equipment in a
fajl-safe modé to preserve vacuum integrity.

7. 6-METER DIAMETER TANK AUTOMATIC SHUTDOWN

With the advent of durability testing of ion
thrusters in this chanber it became desirable to
provide automatic "shutdown" controls for unat-
tended tank operation. Shutdown here denotes that
under certain sbnormel conditions the pumping sys-
tem is turned off and certain valves are closed to
preserve tank vacuunm if at all possible. A simpli-
Tied logic'diagram for shutdown is shown in Fig. 3.

The abnormal conditions which initiate shut-
down are:

(1) Loss of service air pressure
(2) Loss of cooling water

(3) High tank pressure

(4) Loss of electrical power

Service air is used to operate tank valves
through solenoid control valves. Enough air is
stored in the system to operate the valves at least
once. Cooling water is used in both.the. roughing
punp systems and the oil-diffusion pumps.

Wormal ‘tank pressure with thrusters operating
is in 10~7 torr range. Pressure is measured with
a hot cathode ionization gauge. The readout cir-
cuit has two independent preset pressure limits
useful for control and alarm functions. When for
any reason the pressure rises to 107" torr range,
it is shown in an apnuncistor-alarm system. Fur-
ther increase in pressure to 1077 torr range starts
a 0-15 minute preset timer. If the gas leak into
the tank is rapid and pressure rises to 107~ torr
range before the preset time interval expires, the
tank goes into "emergency" shutdown. If 10~% torr
is reached anytime after the preset time interval,
the tank goes into a normal shutdown.

In emergency shutdown, the oil diffusion pumps
are turned off, quick eocol water is started, and
the valves between the oil-diffusion and the second
stege or blower forepumps are closed, all occurring
at the same time. After a delay of a few seconds
the blower forepumps shut off and the valves be-
tween the two stages of roughing pumps close. Fi-
nally after another short delay the first stage
roughing pumps shut off.

In a normal shutdown the quick cool water is
not turned on. - The roughing stages are not shut-
off until about .l hour after the oil diffusion
pumps are shut off to let the vapor jets collapse
in them. All shutdowns of the tank ,are normal ex~
cept for fast pressure rise or electricasl power
failure. Pushbutbon switches permit manusl shut-
down in normel or emergency modes. An override
switch is used to bypass the pressure readout limit
controls during pumpdown of the tank. ‘A recorder
gives a continuous trace of tank pressure. The
shutdown sequence for the various conditions is
shown in table 2.

Two sets of twelve annunciators each indicate
off-normal conditions. The first off normal event
in each set displays & red light, all others are
white, ©One set consists of those events, any one
of which initistes a shutdown. The other set con-
sists of those events that may lead to a shutdown,
and thereby help diagnose the problem. Events in
each set are cited here.

Set 1:
Low air pressure
Low water pressure
480 V power failure
120 V power failure
Tank pressure 5x10~%4 torr

Set 2:

High foreline pressure
Loss of INp dewar vacuum

* 0il diffusion pump heater fallure
Tenk pressure 1x107° torr
Tank pressure 2x107~ torr
Blower forepump off
Roughing pump off
IN, valves closed
Thruster beam current off limlt
Thruster impingement current high

The first off-normel event on either emnuncis-
tor set will alert plant protection via a telephone
wire pair. Plant protection will telephone for
help from a qualified personnel list. Override
switches are provided for each roughing pump and
for each quadrant of oil diffusion pumps to prevent
an alarm when the system is operated without one or
more of the pumps.

The system is also set to shut off electrical
power go the thruster under test if tank pressure is
in 107 torr range, or any preselected thruster pa-
rameter is outside the desired limits. Figure 4
shows the instrument rack with amnuncietors, re-
corder, and control panel.

Each of the 22 oil diffusion pumps has 3 pairs
of heaters, one pair per electrical phase. Two .
modes of operation are available, "high" and "low"
heat. With none defective, all heaters operate on
high heat, and on low heat two pairs are used. ILow

heat is sufficient to maintain vacuum. Therefore

the system normally operates on low heat. A conmtrol
system automatically switches a diffusion pump to
high heat when one of its heaters fails, thereby
mainbtaining pumping capacity until repairs can be
made,

This automatic tank shutdown system was devel~
oped for unattended durebility testing of ion thrus-
ters. 1In addition it is now possible. to do research
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in the tank without the need for tank operators.
Also, it is now possible to carry on research for '
two work shifts, leave this large tank at vacuum
unattended during the third shift, and then con-
tinue the research program at the start of the
" first shift the next day. The time made availsble
for additional research by eliminating shutdown
and restart amounts to 4 hours each day of re-
_search. The installation of this automatic shut-

down system was completed in a three-month period.

AUTOMATION OF OTHER VACUUM TANKS

Several other vecuum facilities at the lewis
. Research Center are operating in an automatic mode.
These tanks range in size from 1.5 to 3.0 meters
diameter and 8.5 to 30.6 cubic meters. Pictures of
two of these tanks are shown in Figs. 5 and 6.
They differ from the 7.8 meter tank in that they -

can be operated autometically in both startup and

Selection of mode is menual and
‘Pic=-

shutdown modes.
initiation of the operations by pushbutton.

tures of the flow panels are shown in Figs. 7 and 8. .

All events are sequenced and controlled by
either interlocks or timing mechanisms. - Either
mode mey be interrupted manually or by the auto-
metic sensing of an ebnormal condition. These con-
ditions are the same as previously described except
that the abnormal pressure sensing is at a higher
point. This point autometically shuts down the
second stage blower, with a subsequent shutdowm of
the diffusion pumps. After an interruption “the
cycle may be continued manually or a restart made
from the beginning if it is desired to continue
automatically.

- These systems may be converted easily to un-
atbended operation.with the existing or additional
sensing elements as future requirements dictate.

One of the 1.5 meter diameter tanks has oper-
ated unattended with e plasma thruster for more
than 500 hours continuously.

THRUSTER CONTROLLERS

Tn mid 1965, control circuits were developed
to (a) recycle the screen and accelerator high
voltage supplies, (b) maintain constant beam cur-
rent, and (c¢) maintain constant discharge current.
These were on-off devices that operated motor
driven auto-transformers. They permitted the dura-
bility besting of up to four thrusters in the 7.6
meter diametzrs ?uum chamber with only two men in
attendance. ™ For about the last 3000 hours
of this 5000 hour test, only one man was used per
work shift. Hourly deta was recorded automatically
in digital form for one thruster.

In March 1968, two 0.15 meter mercury ion
thrusters were operated in the 7.6 meter diameter
vacuum chamber for several hundred hours completely
unattended. One thruster used power conditioning
equipment provided by a contractor; the other op-
erated with equipment designed and built at Lewis
Research Center. TFigure 9 shows the Tewis power
conditioning and recording equipment. TFigure 10
is the block diagram of this mercury ion thruster
control system.

The screen and accelerator high voltage power
supplies are autometically controlled sco that on
current overloasd, that is, voltage breskdown, both

supplies will shut off. Within seconds, the output

. voltage -control will be reduced to a minimum value,
“the supply will be restarted, and the voltege re-

turned to its original value. This sequence is
used- to minimize the high-voltage trensients asso-
ciatéd with turning on these large laboratory sup- -
plies at a high value, which frequently causes re-~
peated breskdowns. If the number of voltage break-
downs exceeds a preset value within a given time in-

. terval, both high voltage power supplies will -shut

off and will remain off until restarted manually.

Another controller maintains a constent beam-
current by varying the main mercury vaporizer
heater power. A deviation in beam current becomes
an error signal which, after amplification, is fed
into a solid state proportional controller that
adjusts the main vaporizer heater power to main-
tain a preset beam current. . )

A constant current éupply is used in the dis-

! - charge circuit where this current is maintained
. constant by wvarying the discharge voltage.

This
variation is sensed and compared with a preset
reference. The resultant amplified error signal
is the input to a solid state proportional control-
ler which adjusts the power to the cathode vapor-
izer heeter. The discharge voltage of 30 to 50
volts is at a high common mode voltage of 1000 to
5000 volts d.c. Current sensors are available
which detect the variation in discharge voltage
and convert it to a voltage signal at or near
ground potential. This resultant .signal is pro-
portional to the measured parameter and can be
used with a controller, recorder, meter or data
logger. :

A hollow cathode is used through which mer-
cury vapor is fed. Electrons, extracted from this
mercury vapor, ionize the main mercury beam. A
similar but smaller hollow cathode is used as the
mein ion beam neutralizer. A controller maintains
the neutralizer vaporizer at a constant tempera-
ture.
' The neutralizer and high voltage supplies
generally float at less than 50 volis gbove ground.
For safe operation, when this voltage reaches 100
volts, this part of the circuit is automatically
clamped to ground and must be reset manually.

Meter relays are used to shut down the thrus-
ter for any one of the following conditions:

(1) High discharge current
(2) High accelerator current
(3) High or low neutralizer emission current

Other situations, such as the loss of any
vaporizer heater power supply or & controller, will
produce one or more of the shutdown conditions
listed above. A high or low beam current is re-
flected in the neutralizer emission current and if
the limits are exceeded, the thruster will shut
down. Also, if the neutralizer and high voltage
power supplies are clamped to ground, the neutra-
lizer emission current drops to its low set point
and the thruster shuts down.

On voltage breskdown between screen and ac-
celerator; the accelerator current could momen-
terily increase beyond its high limit set point
causing shutdown of the thruster. To prevent this,
a timer (0 to B0 seconds) is used. If the s&bnor-
mal condition still prevails at the end of a preset
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interval, the thruster will shutdown: otherwise.
normal operation will continue. Timers are also
provided for the high and low limits of the neu-
tralizer emission current meter relay to prevent
thruster shutdown by a momentary fluctuation in
“this parameter.

These controls when Aproperly set will maln‘l:kain -

& thruster operational for extended periods of time
and will safely shut off the power should a fault
occur in the thruster or power condl‘bionlng equip~
ment. The thruster must be restarted manually.

CONCLUDING REMARKS

. Prior to tank conversion, gutomatic thruster
controls were developed.
hour tests of two or more thrusters with only one
men per shift. After conversion unattended ion and
plasma thruster durability tests were successfully
conducted in vacuum tanks ranging in size from 1.5
to 7.6 meters. in diameter. These tests were sev~
eral hundreds-of hours long.

Automation of the facility controls has pro-
duced the additional benefit of increasing the
available research testing time by eliminating the
shutdown and startup operation between successive
work shifts.
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Systen Ttem Frequency per month
Repairs _Services

Vacuum Diffusion pump heater replacement 4
Roughing pumps 4
Pressure measurement 7

Liquid Flow adjustments 8.5

nitrogen | Ieak 0.4 :

’ Water Low pressure 0.3
Air Compressor repair 3.7

TABLE 1. - 7.6-METER TANK SYSTEMS REPATRS AND SERVICE RECORD
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ATM.

Separation tank —
Propellant condenser—

Back pressure ATM.
control

56 000 Gal

LN2 Dewar

100 GPM

\ -
“—Foreline
A 4 H coldtrap i

'Y

Figure 1. - 7.6 Meter tank liquid n

Head shield—

\

itrogen system.

Figure 2. - 7.6 Meter tank cooling wate

r system,
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? Propellant

| Shutdown control panel

Annunciator override panel

Figure 5. -'3.0 Meter diameter tank.

Figure 4. - 7.6 Meter tank automatic shutdown control panel.
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Figure 6. - 1.5 Meter tank.
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VACUUM TANK NO.7

Figure 7. - 3.0 Meter tank flow and control panel.
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s

Annunciators

Figure 8. - 1.5 Meter tank flow and control panel.
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Figure 9. - Thruster power conditioning and recording equipment,



= *Wa)sAs 1043U09 J9)SNAU} U] AINndJaw SimaT - QT 84nbig Jamod *9*e ynduy
dwej) _ g }
A0or| |YMOPINYS *|dwe 8]{04)u0d
J0SUdS JUaLind weag " — euoIiodo.
UMOPINYS Juii| zs__.cm_z Q 40413 Jamod *2 E__ac_ leuoiiodo.d
mo| pue ybiH| [1ewiy umopinys 18}]043U09
/ _ 105uss ©. @l |euoi}iodo.d
SETTT] Jawi) pue Jayunod
waino () P50 DR o0 Kddns semod
AnaN Kjddns abejjon Ajddns abey|on sbleyasig
ybiy Jojetasdny ybiy spouy [+ J0SUaS Ajddns Jamod
- umopinys Muwij :m_IIAN” —<Q[ustind diy ‘yed
"yasiqg
Ajddns Jamod
apoue "}na Ajddns
Ajddns P 9N L_eso d zmﬁ_um»_wﬁmmmr_
.‘_En_.%> pue 1ad0ay JodeA “yjed
I} ‘N8
1 TN | Ajddns Ja)eay
TTanag Joden weag
j043u0d *dwa) A _ _ “ apouy .
1y “dep JazijenaN “ “ ( @] M
J0)eJ31a0y | | ! opoued
Ja1snayy

AN A7t

G




